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A Objectives

The original goal of this research program was to investigate strongly-correlated many-body phases
that emerge when interacting fermions occupy the p-orbital band of an optical lattice. The behavior
of atoms in the p-band of an optical lattice is markedly different from that observed for atoms in
the s-band. Most notably, population of the p-orbital band introduces (1) a new degree of freedom
due to orbital degeneracy and (2) a tunneling anisotropy which depends on the orientation of the
orbital wavefunction. By investigating orbital physics in the well-controlled environment provided
by fermionic atoms in an optical lattice, we hope to better understand orbital physics at play in
condensed matter systems such as the transition metal oxides and the recently discovered super-
conducting iron-pnictides. The physical properties of strongly correlated phases in the transition
metal oxides and iron pnictides are determined by the complicated interplay of charge, spin and
orbital degrees of freedom. The system we study allows for each of these degrees of freedom to be
added individually, in pairs, or all at once, permitting a much more systematic investigation of the
role that orbital physics plays in determining the properties of strongly-correlated Fermi systems.
Progress toward these goals was made during this grant period though not all of the original objec-
tives were achieved. The study of p-orbital band physics in a lattice gas remains an enduring goal
of this ongoing research program.

While making progress toward the objectives described above, scientific opportunities arose to
make discoveries using the same experimental apparatus in other research areas that are of interest
to the AFOSR. Specifically, the scope of the project was broadened to include studies of s-wave
collisional frequency shifts in an ultracold Fermi gas (relevant for improving/characterizing the
accuracy of next generation atomic clocks), the realization of momentum dependent s-wave inter-
actions in a Fermi gas (relevant for quantum simulation), the rapid control of interactions in a 6Li
Fermi gas (relevant for characterizing strongly correlated phases of ultracold matter), the realiza-
tion of multi-partite entangled states by dissipative exothermic collisions in a one-dimensional
Fermi gas (relevant for quantum metrology), and the observation of the Fulde-Ferrell-Larkin-
Ovchinikov phase in a 1D Fermi gas (relevant for understanding exotic paired superconducting
phases).
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B Accomplishments/New Findings

B.1 Observation of s-Wave Collisional Frequency Shift in a Fermi Gas

An original objective of our research program was to use a narrow p-wave Feshbach resonance
in 6Li to induce repulsive interactions in a spin polarized Fermi gas and observe Wigner crystal-
lization of atoms in the lowest p-orbital band of a honeycomb lattice. Using the narrow p-wave
Feshbach resonance in 6Li [1] to control interactions, however, requires exceptional magnetic field
stability. We improved the field stability of our system such that the measured root-mean-square
fluctuations of our field is now less than 250µG at a bias field of 528G. Having attained such a
stringent control over our magnetic field, we realized that we were uniquely positioned to make
the first definitive observation and characterization of an s-wave collisional frequency shift of a
clock transition in an ultracold Fermi gas. Such a shift is of direct relevance for next generation
atomic clocks which make use of fermionic isotopes of alkaline earth atoms in an attempt to min-
imize such shifts. However, an s-wave collisional frequency shift (sCFS) in a Fermi gas had not
been definitively observed or characterized prior to our work; what had been thought to be an sCFS
in a Sr optical lattice clock [2] could in fact be explained by p-wave collisional frequency shifts [3].
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Figure 1: Observation of the s-wave collisional frequency shift (sCFS) of a spin-1/2 Fermi gas. (a)
To measure the collisional frequency shift in a 6Li gas, we begin with a spin-polarized Fermi gas
and drive a spatially inhomogeneous two-photon Raman transition using focused co-propagating
beams. (Inset: The clock transition is operated in the resolved sideband limit.)
(b) The sCFS as a function of first (θ1) and second (θ2) pulse area in Ramsey interferometry.
Comparison between the measured sCFS and that predicted by Gibble [4]. The agreement is
excellent with only a single free parameter to account for our uncertainty in absolute atom number.
(c) The sCFS tunes and changes sign with the s-wave scattering length a.

At low enough temperatures that p-wave collisions are frozen out, a spin-polarized Fermi gas is
not interacting as the exclusion principle forbids s-wave collisions between identical fermions.
Even if all the atoms are in superposition states, the fermions still do not collide provided that all
of the atoms are in precisely the same superposition state. For this reason, it had been believed
that collisional frequency shifts, which are a primary limitation to the accuracy of our current pri-
mary frequency standards, could be eliminated in atomic clocks if ultracold fermionic atoms were
used [5, 6]. Indeed, an MIT experiment suggested that two component Fermi gases were univer-
sally immune to such shifts given that no shift was observed for an incoherent two-component
imbalanced spin mixture [7]. In 2009 it was suggested, however, that cold collisional shifts could
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occur for a Fermi-based atomic clock if the electromagnetic field used to probe the atoms was spa-
tially inhomogeneous [2,4,8,9]. In this case, due to the spatial inhomogeneity of the field, atoms in
different quantum states of the trap would experience different Rabi frequencies and even a gas of
initially spin-polarized fermions would be made distinguishable by the probe field. Inhomogeneity
of the probe field is particularly relevant for next generation optical lattice clocks which make use
of optical transitions because the field varies on the scale of an optical wavelength. Thus, observing
and characterizing such shifts is important for the development of optical lattice clocks so that the
shifts can be minimized to the extent possible and properly included in an error budget. However,
analytical expressions that purported to predict the behavior of the sCFS in an ultracold fermionic
gas were mutually incompatible [2,4]. By driving a clock transition in a gas of fermionic 6Li atoms
with a spatially inhomogeneous pair of Raman beams, we were able to definitively observe and
characterize an sCFS in an ultracold Fermi gas for the first time.

We used the two lowest hyperfine states in 6Li (states |↓⟩ and |↑⟩) as our clock states which, at a bias
magnetic field of 528G, have a transition frequency of 76MHz. If a spatially homogeneous radio-
frequency field was used to excite the transition as in the MIT experiments [6, 7], no collisional
frequency shift was observable. However, we introduced a spatially inhomogeneous excitation by
driving the |↓⟩ − |↑⟩ transition with a pair of co-propagating Raman fields that were focussed to
a waist that was comparable to the size of the atomic cloud (see Fig. 1(a)). The inhomogeneity
of the field, calibrated by the dephasing rate of Rabi oscillations, was controllable and could be
made comparable to the inhomogeneity existing in state-of-the-art optical lattice clocks [2]. To
accurately mimic optical lattice clock experiments and have a system modeled by the theory that
describes them [2, 4, 8, 9], we worked in the resolved sideband regime for our clock transition and
we studied a weakly interacting gas so that trap state changing collisions could be ignored over
the time scale of the experiment. We used Ramsey interferometry to characterize the sCFS as this
could most directly distinguishes between the competing analytic predictions for the shift [2, 4].

The sCFS for fermions behaves dramatically different from that observed for bosons. The sCFS for
bosons arises from the difference in mean field interaction shifts for populations in the two clock
states and thus the shift is proportional to the difference in partial densities (ρ↑−ρ↓) during the free
evolution time in a Ramsey interferometer. For bosons, the sCFS would be observed to go to zero
for a first pulse area θ1 = π/2 since this would make ρ↑−ρ↓ = 0 during the free evolution time. In
Ref. [2] it was assumed that the sCFS for fermions would also be proportional to the difference in
partial densities. We have shown experimentally that this is not the case. Strikingly, the sCFS for
fermions is relatively insensitive to θ1 (see Fig. 1(b)) and specifically does not go through zero for
θ1 ≈ π/2. Instead the sCFS for fermions is sensitive to the second pulse area θ2 and goes through
zero for θ2 ≈ π/2 (see Fig. 1(b)).

The qualitative behavior of the sCFS for fermions can be understood already in a two atom
model [4]. A good set of basis states for the two atom model are the spin triplet and singlet
states. The singlet state has a symmetric two-body spatial wavefunction and experiences an inter-
action shift whereas the triplet states do not. For initially spin polarized atoms, an inhomogeneous
field is necessary in order to couple the initial spin polarized triplet state |↓↓⟩ to the singlet state
if a shift is to be observed. Also, if a shift is to be observed, the second pulse of the Ramsey
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interferometer needs to be inhomogeneous in order to again couple singlet and triplet states so that
the phase acquired by the singlet state during the free evolution time can interfere with the phase
of the unshifted triplet states. An explicit expression for the shifts can be derived by solving the
Schrödinger equation assuming the pulses of the interferometer are short [4]. This yields:

∆ν =
g

πA
sin(2∆θ1) sin(∆θ2) cos(θ̄2).

Here, 2g is the interaction shift of the singlet state which is proportional to the s-wave scattering
length, A is the amplitude of the Ramsey fringe, ∆θi is the difference in pulse areas for the two
atoms due to the inhomogeneity and θ̄i is the average pulse area for the two atoms. Note that
the shift is predicted to go through zero for θ̄2 = π/2. Physically the sCFS goes through zero
for θ2 = π/2 because the two atoms experience frequency shifts that are equal in magnitude
but opposite in sign and, if their phases are read out with equal sensitivity which occurs when
θ̄2 = π/2, the frequency shifts cancel. For many atoms, the collisional frequency shift becomes:

∆ν =

∑
pairs gαβ sin(2∆θ1,αβ) sin(∆θ2,αβ) cos(θ̄2,αβ)

πA
For comparison, this expression is plotted as the 3D surface in Fig. 1(b) with only a single free
overall scaling factor adjusted to account for our uncertainty in the absolute number calibration.
The sCFS is relatively insensitive to θ1 and does go through zero near θ2 = π/2. Notably, however,
correlations in the gas, between the interaction shift 2gα,β and the average Rabi frequencies Ω̄αβ

for example, can shift the location of the zero crossing of the sCFS slightly away from θ2 = π/2.
It is interesting to note that current state-of-the-art optical lattice clocks using fermionic atoms
can have collisional frequency shifts due to both s-wave and p-wave collisions [3, 10]. Ref. [3]
experimentally showed that p-wave collisional frequency shifts for fermions behave like s-wave
collisional frequency shifts for bosons and can typically be eliminated by adjusting the first pulse
area around θ1 = π/2. Our work shows that the s-wave collisional frequency shift can be elimi-
nated by adjusting the second pulse area around θ2 = π/2. Thus, it should be possible to operate
optical lattice clocks at a point where both s-wave and p-wave collisional shifts are simultaneously
eliminated. Our work was described in an article appearing in Physical Review Letters [11].

B.2 Realization of a Resonant Fermi Gas with a Large Effective Range

The superb field stability of our system also allowed for a precision study of the narrow s-wave
Feshbach resonance in 6Li which occurs for the two lowest energy hyperfine states at a field of
543.3G. In contrast to a broad resonance, such as the extensively studied resonance occurring in
6Li for this mixture at 832G, the molecular state associated with a narrow resonance is only weakly
coupled to free particles in the continuum. The energy scale associated with this coupling is much
smaller than van der Waals energy scale and can be smaller or comparable to the Fermi energy at
densities typical found in ultracold gas experiments. The existence of this new energy scale which
can be comparable to the Fermi energy means that effective interaction potential for the atoms
has an energy dependence on the scale of the Fermi energy. Thus, this interaction potential can-
not be described simply by a zero-range or contact potential parameterized by a single parameter
– the s-wave scattering length a. Instead, the effective interaction potential behaves as though
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Figure 2: Observation of interaction shifts
by radio-frequency spectroscopy near the
narrow Feshbach resonance in 6Li. The in-
teraction shift of the |↑⟩ − |3⟩ transition is
plotted as a function of field in the vicin-
ity of the narrow resonance at 543.3G for
gasses at different temperatures ( 860 nK
(a), 3.8µK (b), 10µK (c), 24µK (d))
which show a dramatic dependence on tem-
perature even though all temperatures are
well below the van der Waals energy scale
EvdW/kB = 29.5mK. The prediction for a
contact potential is shown as a dashed line
and a mean field prediction including the
expected energy dependence for a narrow
resonance is shown as the solid curves.

it has a finite range and at least two parame-
ters are required to describe the s-wave scatter-
ing phase shift at low energy – within the reso-
nance these are the the s-wave scattering length
a and the effective range reff . We showed ex-
perimentally that near the narrow resonance in
6Li, the interactions in the gas cannot be de-
scribed simply by a contact potential. Rather
the interactions had an energy dependence for
relative collision energies much less than the
van der Waals energy. We found that at res-
onance, the effective range for this resonance
reff = −7 × 104 a0 which can be compara-
ble to or larger than 1/kF where kF is the
Fermi wavenumber in typical dilute gas sys-
tems.

Well within the narrow Feshbach resonance, the low
energy expansion of the s-wave scattering phase shift
δ is given by

k cot(δ) = −1

a
+

1

2
reffk

2 + ...

where the scattering length a is given by

a = abg
∆

B∞ −B

and the effective range reff is given by

reff = −2~2

m

1

abgγ∆

where abg is the background scattering length, ∆
is the width of the resonance in Gauss, B∞ is the
resonance location in Gauss, and γ is the differ-
ence between the magnetic dipole moments of the
bound molecular state and the two free atoms in
the continuum. Note that the effective range reff ∝
1/∆.

An important motivation for this work is to expand
upon the types of interactions that can be considered
in the quantum simulation of strongly correlated mat-
ter. For example, an accurate quantum simulation of the equation of state of neutron matter requires
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a system in which the s-wave scattering length is much larger than the average interparticle spacing
but also the effective range is at least comparable to the average interparticle spacing [12]. The
equation of state of a unitary Fermi gas that has been recently measured to high accuracy [13]
would only be relevant for neutron densities where kF reff ≪ 1 for neutron matter so that the ef-
fective range can be safely ignored. However, this requires that the neutron matter density is less
than the neutron drip density below which neutrons become unbound. A more accurate equation
of state requires that kF reff & 1 [12].

To show that a Fermi gas near a narrow Feshbach resonance cannot be simply described by a
contact interaction parameterized by only the s-wave scattering length, we measured the interac-
tion energy in the gas via radio-frequency spectroscopy with an auxiliary hyperfine state (state
|3⟩) at different temperatures (see Fig. 2). The interaction shift data show a striking temperature
dependence even though all of the temperatures are well below the van der Waals energy scale
EvdW/kB = 29.5mK. At the lowest temperature, the data can be fit by the prediction for a contact
potential parameterized by a field dependent scattering length (dashed line in Fig. 2) or a mean-
field description that includes the energy dependence of the scattering phase shift expected for a
narrow resonance (solid line in Fig. 2). If the same parameters determined from the low temper-
ature fit are used to predict the behavior at higher temperatures, however, the contact potential
model is a poor description of the data whereas the model which includes the energy dependence
of a narrow resonance provides a good description. The fact that the mean-field model which ac-
counts for the expected energy dependence can deviate somewhat from the measurements near the
resonance may be due to correlations in the gas not captured in the mean field model. These results
were reported in Physical Review Letters [14].
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B.3 Novel Design for Unidirectional Operation of Ring Lasers

A technological advancement made during the course of this research was the development of a
novel method to obtain uni-directional and single frequency operation of a ring laser that allows
for higher output power than conventional means. We demonstrated this new technique with a
diode-pumped solid-state laser operating at 1342 nm that could be frequency doubled to provide
671 nm light for laser cooling and trapping of lithium atoms.

Nd:YVO
4

etalon1 OC

LD

808nm

LD

808nm

etalon2

PZT1

PZT2

OI

M1 M2

M3

M4

PBS

LBO

ICPZT3

M7

M5

671nm M6

EOM

HWP

HWP

Figure 3: Self-injection locked, diode-pumped solid-state laser for laser cooling of Li atoms. The
solid-state Nd:YVO4 laser at the top consists of a bow-tie ring cavity that is weakly coupled to
an external ring cavity containing an optical isolator which ensures unidirectional operation of the
ring laser. The 1342 nm light output by the Nd:YVO4 is frequency doubled by the non-linear LBO
in the lower ring build up cavity. A total power of 800 mW at the 670.979, appropriate for cooling
and trapping of 6Li atoms, has been attained with this system and has been successfully used to
produce quantum degenerate samples. Key: LD (laser diode), PZT (piezo-electric transducer),
OC (output coupler), HWP (half-wave plate), OI (optical isolator), PBS (polarizing beam splitter),
EOM (electro-optic modulator), and IC (input coupler).

Traditionally, uni-directional operation of a ring laser is achieved by inserting a Faraday rotator
into the cavity in order to favor operation of one circulating mode over the other. However, inser-
tion of a Faraday rotator reduces the achievable output power as these elements add significant loss
in the optical cavity. We developed a novel approach to achieve uni-directional operation while
maintaining high output power by putting an optical diode in an external ring cavity that is only
weakly coupled to the primary ring cavity. Because only a small amount of optical power circu-
lates in the external cavity, the loss introduced by the optical diode is significantly less detrimental.

A schematic of the laser system is shown in Fig. 3. The top-most bow-tie ring cavity is the pri-
mary cavity for the Nd:YVO4 laser operating at 1342 nm. This primary cavity is weakly coupled
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to an external ring cavity which contains an optical isolator. This external ring cavity only cir-
culates a small fraction of the total power output by the laser (10’s of milliWatts compared to
several Watts) so that the loss introduced by the optical isolator does not significantly reduce the
total achievable output power. The optical isolator is, however, effective at forcing uni-directional
and single-frequency operation of the 1342 nm ring laser. This 1342 nm laser light can then by
frequency doubled to provide laser cooling and trapping light for 6Li atoms. This solid state laser
system is an excellent alternative to diode laser/tapered amplifier systems. A total of 800 mW of
light at 670.979 nm is achievable and the light produced is in a nearly pure TEM00 such that 76%
of the light can be coupled into an optical fiber. We do not expect that this solid state laser system
will age as tapered amplifier systems do and the lifetime of the system should be limited only by
the lifetime of the 808 nm pump diode lasers (which should be > 10, 000 hours and are readily
replaced). A description of this laser system appeared in Reviews of Scientific Instruments [15].
(A result of this work also included a measurement of the Verdet constant for undoped YAG in the
near infrared which appeared in Optics Communications [16].)

8
DISTRIBUTION A: Distribution approved for public release



B.4 Relativistic Vortices in Bose-Einstein Condensates

Figure 4: Subset of various relativistic vortex
structures that can exist in the non-linear Dirac
equation. Total density and phase of (a,b) ℓ = 2
ring-vortex, (c,d) B sublattice of Mermin-Ho
skyrmion, (e,f) ring-vortex/soliton, (g,h) half-
quantum vortex, or semion.

Our interest in honeycomb lattices instigated
a collaboration with Prof. Lincoln Carr
and Laith Haddad from the Colorado School
of Mines which focussed on relativistic phe-
nomena that can be studied with ultracold
atoms in a honeycomb lattice. Specifi-
cally, we have proposed a method to ex-
cite relativistic vortices in a Bose-Einstein
condensate confined in a honeycomb lat-
tice potential and have determined the sta-
bility of these vortices. Because the hon-
eycomb lattice is a bi-partite lattice consist-
ing of two interpenetrating triangular lattices
(sub-lattices A and B), a condensate con-
fined in a honeycomb lattice has a spinor
structure associated with the sub-lattice de-
gree of freedom. Further, for bosons con-
densed at a Dirac point in the band struc-
ture, low energy excitations obey a lin-
ear dispersion relation – like the disper-
sion relation for massless or ultra-relativistic
particles. Ultimately, one can show that
such a Bose-Einstein condensate with interac-
tions can be described by a four-component
Dirac spinor obeying a non-linear Dirac equa-
tion. This non-linear Dirac equation sup-
ports a wide variety of exotic vortex struc-
tures.

We proposed a detailed method to excite rela-
tivistic vortices of various kinds. To excite a ring-
vortex for example, a BEC is initially prepared at
a Dirac point of the honeycomb lattice band structure having amplitude only in the A sublattice
sites. Ring-vortices (a soliton-vortex pair) can be generated by transferring angular momentum to
the BEC with a Laguerre-Gaussian laser beam and simultaneously modulating the lattice potential
such that only the part of the condensate that acquires angular momentum makes a transition be-
tween sublattices. The stable vortex which results consists of a vortex in the B sublattice with a
soliton in the A sublattice centered on the vortex core. We predict these ring-vortices will be stable
for 1 – 10 seconds for realistic experimental parameters. A manuscript describing this work was
published in Physical Review A [17].
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B.5 Deformable, Site-Resolved Honeycomb Lattice

A central goal of this research program is to study fermionic atoms in the p-orbital band of a hon-
eycomb optical lattice. To this end, we have implemented a 2D lattice honeycomb lattice which
has a lattice constant sufficiently large that individual lattice sites can be optically resolved using
off-the-shelf optics (see Fig. 5. The large lattice constant is achieved by forming the honeycomb
lattice from 532 nm laser beams that intersect at a small angle. Single site resolution should al-
low for direct observation of Wigner crystallization and itinerant ferromagnetism, which had been
identified as prominent collective phenomena to be observed in this research program. The figures
shown in the upper right hand corner of Fig. 5 demonstrate single site resolution of the lattice
potential. Further, by adjusting the amplitude, polarization and relative phase of the 532 nm laser
beams we are able to continuously deform the lattice from a honeycomb lattice, to a dimerized
honeycomb lattice, to a triangular lattice. As described in more detail below, this ability to deform
the lattice potential will allow us to controllably introduce dispersion in the lowest p-orbital band
of the honeycomb lattice.

Honeycomb/Triangular 

Lattice Beams (532 nm)

Vertical 1D Lattice

Beams (1064 nm)

Aspheric Lens

(NA 0.23)
Aspheric Lens

(NA 0.23)Vacuum

Viewport

Dichroic

Mirror

(R: 670 nm,

T: 532 nm)
Standard

Microscope

Objective

CCD

Camera

Image

Plane

(a)

(b)

(c)

Site-Resolved Image of Lattice in Different Configurations

Figure 5: Site-Resolved Honeycomb/Triangular Lattice.

Fig. 5 shows the configuration of the 532 nm laser beams forming the deformable honeycomb/triangular
lattice as well as the imaging system. In addition to the 532 nm laser beams, atoms are to be tightly
confined vertically in a lattice formed from the two 1064 nm laser beams shown in light green to
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produce a 3D lattice. Three 532 nm laser beams (light blue beams incident from above) form a
long-period 2D lattice with either honeycomb or triangular geometry depending on the polarization
of the beams. Owing to the large lattice constant, aspheric lenses with a numerical aperture of only
0.23 have sufficient resolution to image individual sites of the 2D lattices. The inset shows the two-
dimensional optical lattice intensity pattern experienced by the atoms imaged through the optical
system shown. The polarizations of the lattice beams are adjusted to form a (a) triangular, (b) in-
termediate, or (c) honeycomb lattice potential. Computer generated images for the corresponding
configuration appear to the right. For the 2D lattices realized in these images, the triangular and
honeycomb lattice geometries have a lattice site separation of 2.15 µm and 1.25 µm respectively.
In order to image atoms in each site, a deep, short-period optical lattice will be turned on to hold
each atom fixed in space while laser cooling light (not shown) is applied, causing the atoms to
flouresce. The flourescence will be imaged onto a CCD array for 100’s of ms to determine site
occupation.

One of the goals of the originally proposed research program was to investigate itinerant ferro-
magnetism in the lowest p-orbital band of a honeycomb lattice, which is nearly dispersionless, and
determine whether long-range ferromagnetic order persists as the dispersion is made non-zero. In
order to controllably introduce dispersion in this system, we can deform the honeycomb lattice
somewhat by making each pair of sites within a unit cell of the underlying triangular lattice be-
come more strongly interacting. Adjusting the degree of dimerization will adjust the amount of
dispersion.

(a) (b)

E
 [
E

  
]

R

E
 [
E

  
]

R

qx qx
qy qy

Figure 6: Controllably introducing dispersion into the lowest p-orbital band of a honeycomb lattice.
(a) Dispersion for the lowest p-orbital band in the first Brillouin zone for the honeycomb lattice
potential shown in the upper right corner. The width of the band is only 0.04ER for a honeycomb
lattice of 5ER depth. (b) Dispersion for the lowest p-orbital band in the first Brillouin zone for the
dimerized honeycomb lattice potential shown in the upper right corner where 15% of the power in
the honeycomb lattice has been diverted to the triangular lattice. The width of the band is 20 times
larger than in (a).
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B.6 Confinement of 6Li in a Two-Dimensional Triangular Lattice

In the third year of the award period, we demonstrated confinement of 6Li atoms in a a two-
dimensional triangular lattice. The vertical 1D lattice (to be produced by the 1064 nm laser beams
shown in Fig. 5) has not yet been applied. The 2D lattice alone produces a 2D array of one-
dimensional confining potentials. As described below, we have demonstrated that the fermionic
6Li atoms are loaded into the ground band of the 2D triangular lattice potential.
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Figure 7: Realization of 1D thermal gases of 6Li fermions by confinement in a 2D triangular
lattice. (a) Parametric resonance demonstrating that the oscillation frequency in the tight radial
direction of each lattice site ω⊥ ≃ 2π × 150 kHz. (b) Time-of-flight expansion of 6Li atoms from
the 2D optical lattice. The clear anisotropic expansion of this non-interacting Fermi gas results
from the fact that the zero-point energy in the radial direction of each tube (red) is larger than the
thermal energy along the axis of the tube (blue) indicating that the 1D regime has been achieved.
The dashed line shows the predicted expansion for a single tube occupying the harmonic oscillator

ground state for ω⊥ = 2π × 150 kHz (i.e. the dashed line corresponds to Rcloud =
√

~ω⊥
m

tTOF).

When a gas is confined sufficiently tightly in two directions that the zero-point energy in the radial
direction, ~ω⊥, is larger than all other energy scales in the system, i.e. kBT , or kBTF for a degen-
erate Fermi gas, then the Fermi gas is in the 1D regime. In Fig. 7, we demonstrate that we have
confined a gas of 6Li fermions sufficiently tightly in two directions to realize this regime. Fig. 7(a)
shows our measurement of the radial oscillation frequencies in the tight direction of the tubes by
the method of parametric resonance. Here the amplitude of the 2D lattice beams are modulated
at the modulation frequency indicated on the horizontal axis. When the modulation frequency is
twice the trap oscillation frequency, atoms are significantly heated. Thus, this data shows the trap
oscillation frequency is ω⊥ = 2π × 150 kHz.

Fig. 7(b) shows time-of-flight expansion of the cloud following release from the lattice. The red
filled circles show the radius of the cloud in the direction perpendicular to the axis of the 1D tubes
(i.e. parallel to the tight radial directions of the individual 1D tubes) as a function of time of flight,
tTOF. The blue filled squares show the radius of the cloud in the direction parallel to the axis of the
1D tubes as a function of tTOF. The red and blue lines are respectively fits to the data. Here the fit
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to the axial expansion data (blue solid line) is a fit to Rz =
√

2kBT
mω2

z

√
1 + ω2

z t
2
TOF allowing us to

extract the apparent thermal temperature T = 1.2µK and the axial frequency ωz = 2π × 128Hz.
The red solid line, on the other hand, is a single parameter fit to R⊥ = R0

√
1 + v2 t2TOF where

v is taken to be the velocity of expansion for the harmonic oscillator ground state wavefunction
assuming ω⊥ = 2π × 150 kHz, v =

√
~ω⊥/m. The single fit parameter R0 in this case is depen-

dent on the number of tubes that are initially occupied in this direction. Thus, since this expansion
asymptotes to the velocity of expansion for the harmonic oscillator ground state, we conclude that
the atoms are predominately in the harmonic oscillator ground state in the radial direction of each
tube. Furthermore, the very fact that this expansion is dramatically anisotropic indicates that the
zero point energy in the radial direction is larger than the apparent thermal energy in the axial
direction. From this data we indeed find that kB (1.2µK) ≪ ~ (2π × 150 kHz) and the 1D regime
has been achieved.

Having confined 6Li fermions in the 2D lattice, we are now well positioned to apply a 1D lattice in
the vertical direction and study 6Li fermions in the p-orbital band of the honeycomb lattice. How-
ever, in the absence of the vertical lattice, the present system already allows us to study phenomena
predicted for fermions in one-dimension.

One such phenomena, of interest for quantum metrology, is the preparation of multi-partite entan-
glement by inelastic s-wave collisions in a 1D Fermi gas. M. Foss-Feig et al citeRey2012 have
shown that a 50/50 two-component mixture of fermions with an open inelastic s-wave channel will
naturally evolve to a highly entangled state – the twin Fock state. This state has long been of inter-
est since it is predicted to improve the accuracy of quantum metrology below the standard quantum
limit. A Fermi gas with inelastic s-wave collisions naturally evolves to this state because it has a
fully-antisymmetric spatial wavefunction and is therefore dark to inelastic s-wave collisions. M.
Foss-Feig et al showed that in 1D it is the unique dark state. To create such an entangled state
in our system, we need to controllably introduce inelastic s-wave collisions in a 50/50 two-state
mixture. We do this by transferring one of the atoms in the 50/50 mixture to a different hyperfine
state via a two-photon Raman transition and ensure that the newly created two-state mixture has
an open inelastic s-wave channel. This is described in more detail below.

A second experiment we are pursuing in our 1D Fermi gases is the first observation of a distin-
guishing characteristic of the Fulde-Ferrell-Larkin-Ovchinikov (FFLO) superfluid phase – the ob-
servation of Cooper pairs with non-zero center of mass momenta. Indirect evidence for the FFLO
phase in a polarized 1D Fermi gas was given by observing the spatial distribution of polarization in
a trapped system to be opposite that for 3D gases and consistent with that predicted for 1D Fermi
gases [18]. However, there is no definitive proof for the existence of the FFLO phase in this system.
In our experiment we are attempting to provide this proof by observing quantum noise correlations
in the time-of-flight absorption images that demonstrate Cooper pairing correlations for Cooper
pairs that have a non-zero center of mass momentum. For the time-of-flight absorption images
to show these correlations, the atoms must expand ballistically during the time-of-flight. What is
unique about our experiment is that we have developed a method to rapidly extinguish interactions
in a Fermi gas by transferring atoms to a very weakly interacting two-state mixture using a Raman
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transition. By transferring atoms from a strongly to a weakly interacting mixture simultaneous
with eliminating confinement along the 1D tubes, we will be able to attain a faithful reconstruction
of the momentum distribution in the tubes. Correlations in these momentum distributions should
give direct evidence for Cooper pairs with a non-zero center-of-mass momentum. In the following
section we describe the method we have developed for rapidly controlling interactions in a Fermi
gas. This allows us to either rapidly induce inelastic s-wave collisions, for preparing a twin Fock
state as described above, or rapidly extinguish interactions in a strongly interact two-component
Fermi gas, useful for quantum noise interferometry experiments.

B.7 Rapid Control of Interactions in a Two-Component 6Li Gas

We have developed a novel technique for the rapid control of interactions in a two-component 6Li
gas based on driving two-photon Raman transition between different internal states of 6Li. This al-
lows us to rapidly change a two-component mixture from one that is strongly interacting to one that
is essentially non-interacting. This can be useful for reconstructing the initial momentum distribu-
tion of atoms in the trap by time-of-flight imaging if interactions are extinguished simultaneously
with release of atoms from the trap. This would then open up the possibility of novel techniques for
characterizing strongly correlated phases of 6Li atoms such as quantum noise interferometry [19]
or momentum-resolved photo-emission spectroscopy [20]. Alternatively, if so desired, one can
rapidly produce a two-component mixture with large inelastic two-body loss rates starting from
a stable, strongly-interacting mixture. This can be useful for probing local spin correlations or
for preparing multi-partite entangled states in the steady-state which arises naturally for a thermal,
two-component Fermi gas when an s-wave inelastic loss channel exists [21].

To accomplish these goals we have demonstrated that we can transfer atoms between different
internal hyperfine states of 6Li such that certain two-component mixtures are weakly interacting,
while others are strongly interacting, while other mixtures decay rapidly by two body inelastic
collisions. In order for us to consider the scattering properties of different two-state mixtures of
6Li, we use an extremely simple model of the 6Li2 singlet and triplet molecular potentials (treating
them simply as square well potentials) and perform full coupled-channel s-wave scattering calcu-
lations with these simplistic model potential.

Each possible two-state mixture of the three lowest hyperfine states, states |1⟩, |2⟩ and |3⟩, have
no allowed spin-exchange decay channels and each exhibits a broad Feshbach resonance. Thus,
these three mixtures are each very well suited to provide strongly interacting mixtures with zero
or minimal two-body loss. Among these, the |1⟩ − |2⟩ mixture is the best of these since even a
dipolar loss rate, provided p-wave collisions are frozen out, is forbidden for this mixture. Still, the
|1⟩ − |3⟩ mixture and the |2⟩ − |3⟩ mixtures have been observed to be quite stable with relatively
small dipolar relaxation rate constants.

For the realization of twin Fock states and as a diagnostic tool for itinerant ferromagnetism, we
are interested in identifying two-state mixtures with large spin-exchange decay rates. Two-state
mixtures that involve one atom from states |1⟩, |2⟩, or |3⟩ and one atom from states |4⟩, |5⟩, or
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Figure 8: Two-photon Raman transition used to rapidly control interactions in 6Li gas by quickly
switching between different two-state mixtures. (a) Two-photon Raman transition transfers popu-
lation between states |2⟩ and |5⟩. In this case, if a strongly interaction |1⟩ − |2⟩ mixture initially
exists, transfer of population from state |2⟩ to state |5⟩ produces a |1⟩−|5⟩ mixture which is weakly
interacting and relatively stable against decay. (b) Beat note between two diode lasers driving the
Raman transition as recorded by a spectrum analyzer. (c) Rabi oscillations between states |2⟩ and
|5⟩. The decay of contrast is due to the finite size of the Raman beams.

|6⟩ are particularly appealing since we can then, starting from a stable two state mixture, create a
decaying two state mixture by transferring one atom from either state |1⟩, |2⟩, or |3⟩ to state |4⟩,
|5⟩, or |6⟩. In practice, we transfer population between two different hyperfine states by driving a
two-photon Raman transition (see Fig. 8(a)).

The Raman transition is driven by two phase locked diode lasers. The servo bandwidth of the
phase lock is ≃ 10MHz. The beat note signal between the lasers recorded by a spectrum analyzer
is shown in Fig. 8(b). Since the difference frequency between the states tunes as ≃ 2.8MHz/G
and we typically operate at fields between 500 and 850 G, the required difference frequency be-
tween the lasers ranges from 1.4 − 2.4GHz. Fig. 8(c) shows a typical Rabi oscillation between
two different hyperfine states in 6Li. The solid curve shows the expected decay of contrast due to
the finite size of our Raman beams and the spatial extent of the atomic cloud which causes dephas-
ing due to an inhomogeniety in Raman Rabi frequencies. Expansion of the Raman beams in one
direction only (since the atomic cloud is already small in the orthogonal direction) should reduce
the decay of contrast with only a modest reduction of achievable Rabi frequencies. The stability of
our applied magnetic field (rms fluctuations ≤ 1mG) is sufficient to allow us to drive these Raman
transitions coherently despite the fact that this is a field sensitive transition.

Using our simplified coupled-channel calculation, we have identified several two-state mixtures
with large spin-exchange decay rate constants and have experimentally measured the two-body
loss rate coefficients in several cases. The predicted and experimentally measured two-body spin-
exchange decay rate constants K2 for a two-state |2⟩ − |5⟩ mixture and a two-state |2⟩ − |6⟩
mixture are shown in Fig. 9. In each case, the density of atoms in state |2⟩ decays accord-
ing to ṅ2 = −Γn2 − K2 n2 nx where Γ is the one-body loss coefficient due to background gas
collisions (independently measured to be Γ = 0.08 s−1 in our system) and nx is the density in
the other spin state (i.e. either n5 or n6, depending on the mixture). The densities are com-
puted from measured values of the atom number in each state, the trap frequencies, and the tem-
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(a)

Figure 9: Predicted and measured spin-exchange loss rate coefficients for a |2⟩ − |5⟩ mixture and
for a |2⟩ − |6⟩ mixture. (a) The spin-exchange loss rate coefficient predicted by a simple model
(solid line) for a |2⟩ − |5⟩ mixture in comparison to measured values. (b) Predicted and measured
spin-exchange loss rate coefficient for a |2⟩ − |6⟩ mixture.

perature. In each case, the measured values were determined from thermal gases at densities
n2 ≃ nx ≃ 2.5 × 1013 atoms/cm3. The predicted spin-exchange coefficients are shown as solid
lines. The predictions of our simple model and measured values show good agreement. Both the
|2⟩ − |5⟩ and |2⟩ − |6⟩ are well-suited for creation of twin Fock states or as a diagnostic tool for
measuring local spin correlations in a ferromagnetic phase.

We are also interested in identifying two-state mixtures that are relatively stable (i.e. K2 is small)
and are also weakly interacting. Such a mixture will be useful for rapidly extinguishing interactions
in a two-component Fermi gas if a strongly-interacting two-state mixture can suddenly be changed
to a weakly interacting two-state mixture by transferring population in one of the two states from
one hyperfine component to another. For example, if we start from a mixture of atoms in states |1⟩
and |2⟩, which can be made strongly interacting by utilizing the broad Feshbach resonance which
occurs at a field of 832.2 G [22], suddenly transferring population from state |2⟩ to state |5⟩ (see
Fig. 8(a)) would rapidly eliminate interactions in the two-component Fermi gas provided that the
|1⟩ − |5⟩ mixture is weakly interacting. Further, the |1⟩ − |5⟩ mixture should be relatively stable
since s-wave inelastic spin-exchange collisions are forbidden if even a modest bias field is applied,
though a small dipolar loss rate may occur. Using our simple coupled-channels calculation, we
find that the predicted s-wave scattering length for fields > 500G is a15 . 10 a0 (see Fig. 10(a)).
The shaded region shows a range of values of a15 for different model parameters used in our simple
coupled-channel calculation that get either the binding energy of the highest singlet molecular state
correct or the location of the various Feshbach resonances correct. Note that for a scattering length
of a15 = 10 a0 in a gas at a density of n1 = n5 = 1013 atoms/cm3 which we might expect to
achieve in the 1D tubes, the mean free path for atoms ℓmfp = 1

nσ
= 1

n 4πa215
= 2.8 cm. Thus, if

strong interactions were extinguished by transferring atoms to this mixture simultaneously with
eliminating the trapping potential, the atoms would be free to ballistically expand even if they are
at an initial density of n1 = n5 = 1013 atoms/cm3.

As noted above, the spin-exchange loss rate (in the presence of even a small bias field) is ex-
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Figure 10: Stable, weakly-interacting two-state mixture of 6Li fermions. (a) The s-wave scattering
length a15 for a |1⟩−|5⟩ mixture of 6Li atoms as a function of field as predicted by a simple coupled
channels model. The range of scattering lengths shown are for different choices of model param-
eters. (b) Decay of the |1⟩ − |5⟩ mixture in a gas with an initial density of 2.5 × 1013 atoms/cm3

in each spin state. The decay is due to a weak dipolar loss with a measured two-body inelastic loss
rate coefficient K2 = 2.3+0.9

−0.4 × 10−14cm3/s.

actly zero for the |1⟩ − |5⟩ mixture. However, due to weak magnetic dipole-dipole interactions
between the alkali atoms, a small dipolar relaxation rate constant may exist. To determine the
two-body loss rate coefficient K2 for the |1⟩ − |5⟩ mixture, we have measured the decay of atoms
confined in a crossed dipole trap at an initial density of n1 = n5 = 2.5 × 1013 atoms/cm3 (see
Fig. 10(b)). From fitting the decay using ṅ1 = −Γn1 − K2 n1 n5, we find the loss rate coeffi-
cient K2 = 2.3+0.9

−0.4 × 10−14cm3/s. Note that this weak loss rate constant due to dipole-dipole
interactions is approximately two orders of magnitude smaller than the lowest spin-exchange loss
rate coefficient we measured in Fig. 9. A 50/50 mixture of atoms in this mixture at a density
n1 = n5 = 1013 atoms/cm3 would decay over a time scale of seconds. Thus, the |1⟩− |5⟩ mixture
is well suited for making a weakly interacting mixture for time-of-flight expansion, since expan-
sion times of . 10ms are typically used in the case of 6Li.
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E Interactions/Transitions

Presentations at Meetings, Conferences, and Universities

• Modeling Nuclei and Neutron Matter with Ultracold Atoms; Cornell University, Laboratory
of Atomic and Solid State Physics Seminar on August 30, 2011.

• Modeling Nuclei and Neutron Matter with Ultracold Atoms, University of Notre Dame,
Physics Colloquium on September 14, 2011.

• Measuring the Collisional Frequency Shift in a Fermi Gas, University of Maryland, Joint
Quantum Institute Seminar on September 19, 2011.

• Modeling Nuclei and Neutron Matter with Ultracold Atoms, The Pennsylvania State Univer-
sity, Physics Colloquium on September 29, 2011.

• Measuring the Collisional Frequency Shift in a Fermi Gas, Georgia Institute of Technology,
Georgia Tech Quantum Institute Seminar on November 14, 2011.

• The Eimov Effect in a Fermi Gas, 42nd Winter Colloquium on the Physics of Quantum
Electronics, Snowbird, UT on Jan. 5, 2012.

• Realization of a Resonant Fermi Gas with a Large Effective Range, American Physical So-
ciety, DAMOP, June 6, 2012.

• s-Wave Clock Shift for Fermions, American Physical Society, DAMOP, June 7, 2012.

• s-Wave Collisional Frequency Shift of a Fermion Clock, European Frequency and Time Fo-
rum & International Frequency Control Symposium (EFTF/IFC), 2013 Joint, 1025 (2013).

• Observing, Understanding, then Eliminating Cold Collision Frequency Shifts in Fermi-Based
Atomic Clocks, Institute of Quantum Optics & Quantum Information, Innsbruck, on May 8,
2014.

• Observing, Understanding, then Eliminating Cold Collision Frequency Shifts in Fermi -
Based Atomic Clocks, University of Toronto, Seminar on July 10, 2014.
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